Introduction {#Sec1}
============

Due to the extreme properties of diamond together with their growing availability and affordability from a number of commercial suppliers, chemical vapour deposition (CVD) diamond films^[@CR1]^ are beginning to find an increasing number of applications in material science. Structuring the diamond surface on the micro- or nanoscale can greatly increase the effective surface area, leading to applications as electrochemical electrodes with high sensitivity, selectivity, and capacitance values^[@CR2],[@CR3]^. Our group recently reported^[@CR4]^ a fabrication method for high-surface-area boron-doped diamond electrodes using 'black silicon' (bSi) as a template. Black Si is a nanostructured material composed of high-aspect-ratio nanospikes or nanoneedles on its surface that are produced through plasma etching of a Si wafer. The formation mechanism is believed to be due to particulates from the chamber sidewall, or ones that have homogeneously nucleated in the gas phase, that deposit onto the Si wafer surface and act as micromasks. A highly anisotropic etch process then etches the Si into high-aspect-ratio needles. The name 'black silicon' originates from its deep black colour, resulting from the absorption of \>99% of the visible light falling onto its surface. Black Si has now found applications in photovoltaics^[@CR5],[@CR6]^ and in biomedical sensing^[@CR7],[@CR8]^.

We recently reported^[@CR4],[@CR9]^ that the spiky diamond-coated bSi surface, which we called 'black diamond' (bD), generates a mechanical bactericidal effect, killing the Gram-negative bacteria *Pseudomonas aeruginosa* and *Escherichia coli* at high rates. The uncoated bSi needles also act as a bactericidal surface^[@CR10]^, but the nanostructured bSi surface is delicate and easily damaged -- even a human fingernail dragged across the surface can break and/or dislodge the needles. The advantage of the diamond coating is that the structures become more robust and less likely to become damaged. In this case, no obvious damage to the bD needles was caused by the fingernail test, however more quantitative tests have yet to be performed. Although some studies have reported on the bactericidal efficacy of other carbon nanostructured surfaces, such as carbon nanotubes, and graphene^[@CR11]^, and of flat nanodiamond^[@CR12]^, our previous report^[@CR9]^ was the first in which the antimicrobial properties of bD nanoneedle surfaces were investigated systematically in terms of needle length, tip diameter and needle density. The length of the needles was found to be less important than their separation, *i.e*. areal density. This is consistent with reports of bactericidal activity on other synthetic^[@CR13]--[@CR16]^ and natural^[@CR17]^ nanostructured materials, and provides evidence for a model for mechanical-induced bacteria death based on the stretching and disruption of the cell membrane^[@CR18]--[@CR21]^. Here, high-aspect-ratio nanofeatures have been shown to control microbial growth in a surface-chemistry-independent manner with a physico-mechanical mechanism. Such bactericidal effects are due to the presence of nanostructures which are able to either penetrate the bacterial cell wall upon contact or rupture the cell wall by placing it under mechanical stress.

Because the mechanism for bacterial death is believed to be predominantly mechanical, (bio)chemical effects, such as the interaction of the bacteria with the chemical species attached to the surface of the substrate are often overlooked. Bacteria tend to adhere strongly to surfaces which are hydrophilic but do not adhere as well on hydrophobic surfaces^[@CR22]^. Diamond is particularly amenable to study these effects because its surface termination can be readily modified by simple chemical treatment or exposure to a reactive plasma. As-deposited CVD diamond is hydrogen terminated, which makes the surface slightly hydrophobic. Oxidising the surface, such that it is covered in hydroxyl (OH) or O groups, either as bridging ethers (‒O‒), ketones (\>C=O), carboxylic acids (‒COOH) or lactones (‒COO‒), makes the surface hydrophilic, whereas fluorinating the surface makes it extremely hydrophobic. The effect of these chemically modified flat diamond surfaces on the adhesion of *E. coli* was studied by Budil *et al*.^[@CR23]^. They found that in a water-based (mineral M9) medium, the H- and F-terminated diamond films reduced bacterial adhesion by \~50%, whereas in a more complex medium (Luria-Bertani) there was no reduction in bacterial adhesion. These differences were attributed to the passivation of the H- or F-terminated diamond films by organic molecules adsorbed from the complex medium. In contrast, for O-terminated diamond films, no anti-adhesive effect was observed in either cultivation medium. For the purposes of anti-bacterial surfaces, these results beg the question: is it better to prevent the bacteria from sticking to the surface, or to encourage them to adhere but then efficiently kill them before they can form colonies/biofilms? In this paper we have investigated this by studying the viability of *E. coli* on F-, O-, H- and NH~2~-terminated bD needles, in order to determine whether the chemical effects of the surface termination or the mechanical effects of the nanostructures are more significant in bactericidal activity. To our knowledge, this is the first time these two effects have been directly compared using the same substrate type and material.

Previous work has shown that some nanostructures exhibit a greater bactericidal effect against Gram-negative bacteria than Gram-positive bacteria^[@CR9],[@CR24]^. It is suggested that this is due to the difference in thickness of the bacterial cell wall. For these reasons, *E. coli* is often chosen as the model bacterium with which to test bactericidal efficacy. *E. coli* is a motile, rod-shaped Gram-negative bacterium of size \~2 μm by \~0.5 μm that is commonly isolated from nosocomial infections^[@CR25]^. *E. coli* expresses surface-bound organelles known as *fimbriae*, or attachment *pili*, which are hair-like proteinaceous appendages used to facilitate cell attachment to surfaces. During biofilm formation, *E. coli* also produces extracellular polymeric substance (EPS), and adhesive material that is used to anchor cells to a surface and withstand shear forces.

Infection by bacteria such as *E. coli* becomes particularly problematic when they adhere to a suitable surface, grow, multiply, and form a mature biofilm. Bacterial biofilms are populations of bacteria cells that assemble into organised structures at an interface, and become embedded in a protective EPS matrix^[@CR26]^. Once a mature biofilm has formed, the bacteria can become 10--1,000-fold less susceptible to attack from antimicrobial agents than the same bacteria grown in free-floating (planktonic) culture^[@CR27]^. This is because the effect of antibiotic treatment is largely limited to the outer layer of the biofilm^[@CR28],[@CR29]^ and the reagents cannot penetrate to the bacteria at the centre of the colony. Biofilms account for over 80% of microbial infections in the body^[@CR30]^, and are commonly associated with diseases such as colitis, conjunctivitis and gingivitis. Because of its tendency to form biofilms, *E. coli* is a frequent coloniser of medical devices such as catheters^[@CR31]^, and is thus a primary cause of urogenital infections^[@CR32]^. In this paper, *E. coli* is the model bacterium used for the tests, and the length and density of the nanoneedles on the bD surface was optimised for this bacterium based on previous work^[@CR9]^.

Experimental {#Sec2}
============

Black silicon fabrication {#Sec3}
-------------------------

The bSi substrates were prepared by plasma etching of n-doped single-crystal silicon (100) wafers in an Oxford Instruments System 133 reactive ion etching (RIE) system fitted with a ICP380 inductively coupled plasma (ICP) source^[@CR33]^. This reactor uses inductively coupled radio frequency (RF) power to sustain a plasma, and a second RF power supply capacitively coupled to one electrode (as in a standard RIE system) to induce a DC bias which controls the ion bombardment energy onto the substrate sitting on that electrode. The etch gas was a mixture of Cl~2~ (48 sccm) and O~2~ (2 sccm) at 15 mtorr pressure for 10 min. The wafer temperature was maintained at 20 °C by flowing He coolant gas at 10 torr under the backside of the wafer. The RIE and ICP powers were 100 W and 600 W, respectively, with a DC bias of −227 V. This process produced a bSi wafer as detailed in Table [1](#Tab1){ref-type="table"} and shown in Fig. [1](#Fig1){ref-type="fig"}. The wafer was then cleaved into multiple identical square samples \~1 cm^2^ in size, suitable for subsequent testing.Table 1Details of the bSi and bD needles as measured by scanning electron microscopy.SampleTip radius/nmLength/µmNeedle areal density/µm^−2^bSi30 ± 54.6 ± 1.51.4bD300 ± 503.0 ± 1.31.2Figure 1Scanning electron microscope (SEM) image of the bSi needles showing the needle profile and variation in height.

Diamond deposition {#Sec4}
------------------

The bSi samples were seeded using a suspension of \~4--10 nm detonation nanodiamond (DND) in methanol using an electrospray process^[@CR34]^. The DND suspension was placed under high potential difference (35 kV) with respect to the grounded sample, and due to electrostatic attraction, the suspension sprayed onto the sample and coated all the surfaces, including the vertical sides of the needles, with a near monolayer of DND seeds. The seeded samples were then placed into a hot filament CVD (HFCVD) reactor where \~0.3 µm of microcrystalline diamond (MCD) was deposited using standard CVD conditions^[@CR1]^: 20 torr pressure, Ta filament at 2100 °C, substrate temperature \~900 °C, 1%CH~4~/H~2~ gas mixture. A growth time of \~60 min allowed a continuous and conformal diamond coating to be deposited without filling in the gaps between the needles. The methane supply was turned off for the last 1 min of growth, and the samples were cooled down under hydrogen. This was to ensure that the diamond surface was fully hydrogen terminated.

The resulting bD samples remained deep black due to absorption of visible light, and their microstructure can be seen in Fig. [2(a),(b)](#Fig2){ref-type="fig"}. Laser Raman analysis of the deposited coating confirms it is consistent with small-grained CVD diamond (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Due to the submicron thickness of the diamond layer, the diamond grain size is small (\<100 nm) so the MCD film appears rounded with only small facets visible. The bSi needles were coated uniformly with diamond to a thickness of \~0.3 μm, leaving a surface which was rounded compared to the uncoated Si needles (Fig. [2(a,b)](#Fig2){ref-type="fig"}). After diamond coating, the density of the needles remained roughly unchanged, while the average length decreased by \~1.5 μm (presumably due to etching back of the ultra-sharp Si needle points), and the tip became significantly less sharp, with the tip radius increasing from \~30 nm to \~300 nm (see Table [1](#Tab1){ref-type="table"}).Figure 2SEM images of the bD samples at (**a**) low and (**b**) high magnification. (**c**) The 'flat' diamond control sample.

Control samples of diamond films grown on flat (100) Si wafers were deposited following the same seeding and growth conditions, except for extension of the growth duration to 8 h to ensure a continuous polycrystalline diamond coating \~3 μm thick. Although we shall refer to these control samples as 'flat' diamond, it should be noted that the surface is faceted on a micron scale from the various randomly oriented diamond crystallites, which gives an overall surface roughness of about 0.2 μm, as seen in Fig. [2(c)](#Fig2){ref-type="fig"}.

Modifying the diamond surface termination {#Sec5}
-----------------------------------------

To alter the surface chemistry, identical bD samples were exposed to plasmas of three different gases: O~2~, NH~3~ and SF~6~, using a modified 2.1 kV a.c. plasma sputter-coater (Edwards S150A) apparatus. The optimal process conditions for obtaining the maximum surface coverage of the three adsorbates on flat diamond substrates had been previously determined^[@CR35]^ (10 sccm of gas flowing, 0.1--1 torr pressure, substrate grounded and maintained at room temperature) and typically required exposure to the relevant plasma for between 10--30 s. Shorter plasma exposure times gave less coverage, whilst longer times often led to unwanted etching of the diamond, particularly when using O~2~ or SF~6~ gases. X-ray photoelectron spectroscopy (XPS) was used to confirm and quantify the presence of O and N on previous flat diamond surfaces after plasma treatment^[@CR35]^. Results showed that after O~2~ plasma treatment, O was present at or above one monolayer coverage, whilst after NH~3~ treatment the coverage of N was approximately one monolayer. In either case, however, it was not possible to distinguish between different chemical moieties (*e.g*. between N, NH, or NH~2~, or the ether, ketone or lactone O terminations). The coverage of F was not measured after SF~6~ plasma exposure, but recent experiments on a similar sample suggests it was also between 0.5--1 monolayer.

These XPS measurements were made on flat diamond control samples -- the actual values for coverage on the nanostructured bD samples were not measured, and may differ from these values. Therefore, to obtain a separate semi-quantitative measure of the degree of surface coverage and relative hydrophilicity, the 4 different types of bD sample were analysed using water droplet contact angle (CA) measurements. Samples were washed with ethanol and air dried before testing using a Krüss droplet shape analyser in combination with *Advance* software. 5 µL droplets were pipetted onto each surface whilst the software recorded the CA at 1 s intervals until the value stabilised.

Bactericidal surface testing {#Sec6}
----------------------------

### Bacterial culture preparation {#Sec7}

Broth cultures of *E. coli* strain DH5-α were grown in Tryptic Soy Broth (TSB, Oxoid) under aerobic conditions at 37 °C for 16 h. The suspension was sub-cultured into TSB and grown to mid-exponential phase (OD~600~ = 0.5), upon which the bacterial cells were harvested by centrifugation (7 min, 5000 *g*) and washed with Tris-HCl buffer (10 mM, pH 7), before resuspending in buffer to OD~600~ = 0.3 (equivalent to \~10^7^ CFU/mL).

### Bacterial adhesion assay {#Sec8}

All surfaces to be treated with *E. coli*, including the bD samples, were washed with 70% ethanol and air dried, before submerging in the bacterial suspension (2 mL) in a 12-well microtitre plate and incubating under static conditions (37 °C, 1 h). After incubation, surfaces were rinsed with Tris-HCl buffer (3×) to remove any non-adhered cells. BacLight Live/Dead viability stain was applied to the samples according to manufacturer's instructions, and incubated for 15 min at 21 °C in darkness. Finally, samples were rinsed with buffer before visualising the adherent bacteria using a fluorescence microscope (Leica). To determine levels of bacterial viability, 4 images of each surface were taken (magnification ×20, each corresponding to an area of 0.097 mm²), and numbers of live (SYTO9, green) and dead (propidium iodide, red) cells were recorded using *ImageJ* software.

### Scanning electron microscopy (SEM) {#Sec9}

On completion of Live/Dead assays, bacteria were fixed on the samples overnight using glutaraldehyde (2.5%) at 4 °C. Samples were then washed in the same buffer (0.1 M) and dehydrated using a graded ethanol series (20%, 50%, 70%, 90%, 100%; 10 min each), followed by critical-point drying, and Au-sputter coating before observation in an environmental SEM.

Results {#Sec10}
=======

Contact angle measurements {#Sec11}
--------------------------

Representative images from the CA tests are shown in Fig. [3](#Fig3){ref-type="fig"}, and the values given in Fig. [4](#Fig4){ref-type="fig"}. The CA of the H-terminated flat control diamond film was recorded as 84.8°, in agreement with previously reported literature values^[@CR36]^, with uncoated bSi exhibiting a very similar CA of 83.8°. The CA values for O-, N- and F-terminated flat diamond are also in line with those reported previously. However, unlike the flat samples, the interaction of water with both the bSi and bD surfaces was found to be a dynamic process, with the CA steadily decreasing over time as the liquid spread into the nanostructure. Thus, CA measurements of these nanostructured materials were delayed until after the droplet size/shape had reached equilibrium, typically 30 s. The CA values for the bD samples follow the same trend as that of the flat diamond samples, although the absolute values of each are somewhat different as a result of the effect of the nanostructure. Nevertheless, it is clear that with a CA of 4.6° the O-terminated bD is very hydrophilic, while conversely, with a CA of 137.0°, the F-terminated bD surface can be considered super-hydrophobic. The H- and NH~2~-terminated surfaces are both moderately hydrophobic surfaces. We can thus scale the hydrophilicity in the order O \> H ≈NH~2~ \> F.Figure 3Representative images of the water droplet profiles used to measure the CAs for (**a**) H-terminated, (**b**) O-terminated, and (**c**) F-terminated bD.Figure 4Bar chart showing the water droplet CA measured at equilibrium on the differently terminated flat (blue bars) or nanostructured bSi (light blue bar)/bD (red bars) surfaces.

Bacterial adhesion {#Sec12}
------------------

A qualitative observation made from the fluorescence microscopy images was the reduction in the numbers of bacterial aggregates, a precursor to biofilm formation on the nanostructured surfaces. The relative number of clusters of live bacteria cells, as visualised by SEM in Fig. [5(a)](#Fig5){ref-type="fig"}, can be compared in Fig. [5(b),(c)](#Fig5){ref-type="fig"} for the flat and nanostructured diamond surfaces, respectively. These aggregates appeared more frequently on the flat diamond control than on the needle-coated surfaces. This was attributed to the fact that physical restriction of bacterial cells bound to the discontinuous horizontal surface of the nanostructured substratum relative to the flat surface impaired bacterial movement and hindered biofilm formation.Figure 5(**a**) SEM image of bacterial cells adhered to the flat diamond sample showing instances of cell aggregation. Representative fluorescence micrographs of (**b**) flat diamond thin film compared to (**c**) bD, showing the reduction in cell aggregates on the nanostructures. Live bacterial cells were stained green; red staining indicates dead cells.

Effect of surface termination on bacterial viability {#Sec13}
----------------------------------------------------

The results of the Live/Dead experiments on the various samples can be seen in Fig. [6](#Fig6){ref-type="fig"}. The total number of adhered bacteria remained consistent for all the nanostructured bD surfaces at around 50% of the value for the H-terminated flat diamond control. Comparing the values for the H-terminated flat diamond with those for the H-terminated bD surface suggests that nanostructuring the surface directly impairs bacterial adhesion by a factor of around 2. Measurements for O-, F- and NH~2~-terminated flat diamond were not made, so no direct comparisons can be stated for flat versus nanostructured surfaces for these other terminations, although we assume that the magnitude of the biocidal affect would be similar to that seen for the H-terminated surfaces.Figure 6Bacterial viability on surfaces with the different terminations, compared to that of the H-terminated flat diamond control. Numbers of live (green) and dead (red) cells are indicated, together with the corresponding percentage of dead cells. The uncertainty in the measurements are shown as error bars representing one standard deviation of the number of dead cells based upon 4 repeats of the experiment.

To make it easier to visualise trends for the nanostructured films, the data in Fig. [6](#Fig6){ref-type="fig"} have been ordered in terms of increasing hydrophilicity. Looking at the H, NH~2~, and O samples first, the total number of bacteria that adhered increased a small amount with increasing hydrophilicity. This is unsurprising, however the trend is not as strong as might be expected. The percentage of dead bacteria decreased slightly as a function of hydrophilicity, showing that although more bacteria were sticking to the hydrophilic surfaces, relatively fewer of them were being killed.

In contrast, the superhydrophobic F-terminated surface behaved somewhat differently than the other surfaces. Surprisingly, for a surface that is supposed to repel bacteria, the number of adhered bacteria was similar to that on the hydrophilic surfaces. However, the percentage killed was nearly double that on the other bD surfaces. This implies that surface termination has minimal impact on the capacity for bacteria to adhere, but that hydrophobic surfaces have a greater bactericidal effect.

SEM visualisation {#Sec14}
-----------------

Surface-adhered *E. coli* were examined using SEM; the morphology of bacterial cells on a flat surface was compared to that on a bD surface. Figure [7(a),(b)](#Fig7){ref-type="fig"} illustrate that on both flat Si and diamond surfaces the cells appeared healthy -- they were cylindrical in shape, turgid, and appeared anchored to the surfaces via appendages such as *fimbriae*. Conversely, cells in contact with bD needles (Fig. [7(c)](#Fig7){ref-type="fig"}) were deformed; they no-longer appeared as turgid bacilli but rather were stretched non-uniformly between a few points of contact.Figure 7SEM images of *E. coli*, showing healthy, turgid bacterial cells on (**a**) flat Si and (**b**) flat diamond control samples. (**c**) A representative example of some of the bacteria on the H-terminated bD needle surface, which appear deformed and flaccid.

However, the story may be more complicated than the simple membrane-stretching model that bacterial death suggests. Figure [8](#Fig8){ref-type="fig"} shows an SEM image of an apparently healthy bacterium, despite the cell seemingly lying on top of the spikey surface. In this case, it appears that the bacterial cell may be suspended *between* the bSi spikes, rather than sitting directly on the points. Here, the membrane is not being stretched by contact with the needle points, but rather bacterial adhesion to the surface is mediated via the *fimbriae* and other surface appendages. This might be evidence for why the superhydrophobic surfaces have a higher death rate than hydrophobic ones; the bacterial adhesins cannot attach strongly to a 'non-stick' surface.Figure 8An example SEM image of an apparently healthy *E. coli* bacterium suspended between bSi spikes.

Conclusions {#Sec15}
===========

We have shown that nanostructured bD surfaces kill *E. coli* bacteria in significant numbers via a combination of mechanical effect, consistent with a membrane-stretching model of cell death, and chemical effects. Importantly, cell aggregation -- the precursor to biofilm formation -- was markedly reduced on the bD surfaces compared to that on flat control samples. The biocidal activity is mostly determined by the mechanical effect, however, the chemical nature of the surface did have an additional effect, with the number of bacteria being killed increasing roughly in line with the hydrophobicity of the surface. This was not due to prevention of the bacteria initially adhering, which was similar for all nanostructured surfaces, but was more likely a function of the weaker interaction of the bacterial surface appendages with the 'non-stick' surface. There are very few reports^[@CR22],[@CR23]^ detailing the nature of these interactions, and so this is an important area for future investigation. Another potential area for future exploration is to chemically attach antibiotic molecules to the surface, via amide linkages to the NH~2~ terminations described above. This should greatly increase the chemical biocidal activity of the surface, which combined with the mechanical activity from the nanostructured surface, could make surfaces that exhibit very high antimicrobial activity.

These experiments were all done with the Gram-negative bacterium *E. coli*, which, due to its weak cell wall structure, might be expected to be susceptible to these surface modification strategies. Similar experiments with Gram-positive bacteria are also required if a more generally applicable anti-bacterial surface is to be developed.

Finally, we should be aware that for applications in the real world, bioresistant surfaces will realistically never be coated with exotic materials, such as bD. Instead, the nanostructured surfaces would be fabricated from more conventional materials like stainless steel, titanium, or polymers such as medical-grade rubber or PTFE. Nevertheless, the general findings from studies such as this one, optimising biocidal activity in terms of types, shapes and densities of surface morphology and chemical nature, will provide important information for the development of next-generation antibacterial surfaces made from more practical materials.
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